S
epsis is a major public health problem both in the United States and worldwide. It often precipitates lung injury, accounting for 25% to 40% of cases of acute respiratory distress syndrome (ARDS) (1, 2) . Although several disease processes can lead to ARDS, the common pathologic finding is diffuse alveolar damage. This is characterized by neutrophil accumulation and endothelial damage. The net result is an increase in permeability, transudation of protein into the interstitial and alveolar spaces, and a loss of pulmonary epithelial cells, primarily type I pneumocytes (3) . Clinically, this is reflected in decreased lung compliance, hypoxemia, atelectasis, and respiratory failure (4 -6) .
One consequence of respiratory failure is the need to administer positive pressure mechanical ventilation. This may lead to barotrauma or volutrauma to alveoli (7) (8) (9) (10) (11) (12) (13) (14) . In a seminal randomized, prospective trial comparing low vs. traditional tidal volumes, the ARDSnet investigators demonstrated improved outcome from ARDS (15) . This and other studies (16, 17) have stimulated investigations to determine the mechanism by which overdistension or increased pressure might damage alveoli.
Recent laboratory investigations demonstrate that stretch can alter the behavior of isolated pneumocytes. Specifically, cell deformation has been shown to activate calcium-sensitive ion channels and stimulate mechanosensitive receptors. These changes led to the activation of the transcription factors nuclear factor (NF)-B and c-fos, which in turn enhanced cytokine expression (18 -22) . In addition, stretch of healthy alveolar cells, both in vivo and in vitro, has been shown to precipitate structural and cytosolic changes. Moreover, larger deformations increased paracellular permeability and caused cell death (23) (24) (25) (26) .
Although it is clear that stretch alone can lead to cellular injury, in most cases mechanical ventilation does not precipitate clinically relevant lung injury. However, this may not be true in the presence of preexisting sepsis. Therefore, we tested the hypothesis that lung injury secondary to sepsis increases the vulnerability of pulmonary epithelial cells to stretch injury. We also hypothesized that increas-ing the exposure time to sepsis from 24 to 48 hrs would further decrease cellular viability.
METHODS

Induction of Sepsis With Cecal Ligation and Double
Puncture. All procedures conformed to National Institutes of Health guidelines and were approved prospectively by the University of Pennsylvania's Animal Care and Use Committee. Under sterile conditions and isoflurane anesthesia, male Sprague-Dawley rats (Charles River, Boston, MA) weighing 240 -260 g were subjected to cecal ligation and double puncture (2CLP) with an 18-gauge needle as previously described (27) . Controls were subjected to sham laparotomy without cecal ligation or puncture. At the end of the procedure, animals were fluid resuscitated with 40 mL/kg sterile saline given subcutaneously. After surgery, animals were allowed free access to food and water. Over time, only the septic rats showed signs and symptoms of sepsis: decreased activity, dark rings around the eyes, tachycardia, and loose watery stools (28) . Two cohorts of rats were studied. In the first cohort, surviving animals (three of three sham and four of five 2CLP) were killed 24 hrs after surgery. In the second, survivors (two of two sham and four of 13 2CLP) were killed 48 hrs after surgery. In the second cohort, an additional fluid bolus was administered at 24 hrs. In both cohorts, alveolar cells were isolated immediately after death.
Alveolar Cell Isolation Protocol. Twentyfour or 48 hrs after 2CLP or sham surgery, rats were anesthetized with intraperitoneally administered sodium pentobarbital (50 mg/kg). Supplemental doses were given as needed. Once anesthetized, the trachea was cannulated and the rats were mechanically ventilated. The abdominal incision was reopened and extended into the thorax, and animals were exsanguinated via abdominal aortotomy. The pulmonary artery was isolated and perfused with a saline/glucose/electrolyte solution to remove blood. The lungs were excised, and type II cells were isolated by elastase digestion as previously described. This included removing leukocytes by incubating isolated lung cells on a bacteriologic plastic plate with 3 mg of rat immunoglobulin G in 5 mL of Tris HCl at 37°C and 5% CO 2 for 1 hr (24) . An aliquot of cell isolate was placed in a hemacytometer for cell counting. One million (10 6 ) cells/cm 2 were seeded on fibronectin-coated flexible Silastic membranes (Specialty Manufacturing, Saginaw, MI) in custom-designed wells. These cells were incubated in minimal essential medium containing added Earle's salts, 10% fetal bovine serum, gentamicin, and amphotericin at 37°C and 4% CO 2 . Cells were confined to the center portion of the wells with a piece of tygon tubing. Medium was replaced at 24 hrs. By 48 hrs the cells created a confluent monolayer across the membrane. They were then suitable for study.
Measurement of Cellular Injury. Just before the study, the cells were washed with Dulbecco's modified eagle's medium containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, penicillin, and streptomycin. Before stretching (or in designated unstretched wells), 0.12 M Calcein AM, which is taken up by viable cells, and 0.23 M ethidium homodimer-1, which enters cells with damaged plasma membranes (Live/Dead kit; Molecular Probes, Eugene, OR), were placed in each well for immunofluorescent staining. Wells were subjected to cyclic equibiaxial deformations of the surface area (15/min) in room air at 37 C for 1 hr. Deformations corresponding to 0%, 12%, 25%, or 37% change in surface area (⌬SA) were investigated. These ⌬SAs roughly correspond to lung inflations to 70, 90, and 100% of total rat lung capacity (24) . Three wells were allocated to each stretch magnitude from each animal. Control (unstretched) and stretched wells were fixed on the Silastic membranes for electron microscopy or viewed immediately after stretch with an epifluorescence microscope (Nikon, Melville, NY) using a ϫ20 phase objective with filter blocks to view ethidium homodimer-1 and Calcein AM florescence. Phase, live stain, and dead stain images were obtained at three random spots per well with a digital imaging Initially, three-way analysis of variance (ANOVA) was performed to evaluate the higher level interaction of stretch magnitude (0%, 12%, 25%, or 37% ⌬SA), surgery (sham vs. 2CLP), and postsurgical interval (24 vs. 48 hrs) on the percentage of dead cells. After a careful sequence of three-way ANOVAs to eliminate any concern regarding statistical power, the three-way ANOVA revealed that postsurgical interval neither was a significant determinant of outcome (p Ͼ .4) nor exerted a significant interaction with surgery or magnitude factors (p Ͼ .6). Therefore, data from 24-and 48-hr postsurgical interval animals were combined for a complete post hoc analysis. In probing the data a second time as a consolidated set, we used a Bonferroni correction to increase the threshold for type I error to 0.025. We examined the consolidated data using a twoway ANOVA and a Tukey-Kramer post hoc analysis with significance defined at p Ͻ .05.
Phenotyping Protocol. In an additional eight animals (four examined 24 hrs post-2CLP, four after sham), differentiation of type I from type II cells was accomplished using immunofluorescent labeling of cell-specific markers. Type I cells express the surface antigen RT1-40 (a 40-to 42-kDa protein found on the apical surface of type I cells), whereas type II cells demonstrate intracellular expression of the surfactant protein C precursor molecule Pro-SPC (29, 30) . Cells were fixed with 4% paraformaldehyde for 20 mins, treated with sodium borohydride (1 mg/mL; Sigma) to reduce fluorescence, and incubated with normal goat serum (GIBCO BRL) to block nonspecific binding (31) . The primary antibodies used were a mouse monoclonal antibody to RT1-40 (a gift from Dr. L. Dobbs, University of California, San Francisco) and a rabbit polyclonal antibody to Pro-SPC (a gift from Dr. M. Beers, Children's Hospital of Philadelphia, Philadelphia, PA). These were incubated at room temperature for 1 hr, followed by a 2-hr incubation with either fluorescein-conjugated goat antimouse for RT1-40 or Rhodamine Red-X goat anti-rabbit antibody for Pro-SPC (Jackson ImmunoResearch Laboratories, West Grove, PA). Fluorescent images were obtained in three ϫ20 fields per well. The number of positively stained cells was expressed as a percentage of the total cells in the field (as determined from phase images) and recorded as mean Ϯ SD. Comparisons between sham and 2CLP were evaluated using unpaired Student's t-tests.
NF-B Staining Protocol. NF-B staining was performed on cells isolated from three 24-hr 2CLP and three sham animals. After 2 days in culture, cells from each of the animals were subjected 0 or 37 %⌬SA for 1 hr. Both the control and 2CLP cells were fixed with 4% paraformaldehyde and permeabilized with Triton X-100 in phosphate-buffered saline. Detection of NF-B as performed using a polyclonal rabbit primary antibody to the p65 subunit of the NF-B heterodimer (Santa Cruz Biotechnology, Santa Cruz, CA) and a Rhodamine Red-X goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) (32). To determine p65 translation to the cell nucleus, nuclei of the permeabilized fixed cells were identified with propidium iodide, which binds to the double stranded DNA. Dual labeled images were obtained from three ϫ20 fields per well using a confocal microscope (Biorad, CA), and regions of colocalization were identified.
RESULTS
Cell Viability
Results. The two-way ANOVA results indicate that both stretch and sepsis significantly (p Ͻ .0001) increased the percentage of nonviable pulmonary epithelial cells (Figs. 1 and 2 ). In addition, the interaction between stretch and sepsis/sham was significant, indicating that sepsis significantly influenced the relationship between cell death and stretch magnitude. Stretching cells from sham animals by 12%, 25%, or 37% ⌬SA led to 0.52 Ϯ 0.34%, 3.2 Ϯ 1.2%, and 14.1 Ϯ 4.4% cell death, respectively. By comparison, cells isolated from 2CLP animals were far more vulnerable at any given ⌬SA (0.84 Ϯ 0.7%, 15.7 Ϯ 8.7%, and 39.0 Ϯ 16.9% for ⌬SA of 12%, 25%, or 37%, respectively). Tukey-Kramer tests for multiple comparisons within the sham group revealed a significantly (p Ͻ .05) increased percentage of dead cells at the 37% ⌬SA level compared with the toxicity at 0%, 12%, and 25% ⌬SA (sham). A similar analysis of the 2CLP group showed that there was a significant increase in cell death at all levels of stretch relative to cells from 2CLP animals not subjected to stretch. Furthermore, an increase in the magnitude of stretch significantly increased the percentage of dead cells. Finally, cell death after 2CLP was significantly higher than that observed after sham when cells were subjected to either 25% or 37% ⌬SA (Fig. 2) .
Phenotyping Results. We found that 59 Ϯ 17.4% of unstretched sham cells exhibited positive Pro-SPC staining, as occurs in type II cells. In the same group of animals, positive RTI-40 staining was observed in 74.4 Ϯ 9.9% of cells, consistent with a type I phenotype. Pro-SPC staining was noted in 69.2 Ϯ 10.5% of unstretched cells isolated from animals following 2CLP, whereas 72.3 Ϯ 7.5% of these cells demonstrated RTI-40 staining. These data are consistent with a transition from purely type II rat alveolar epithelial cell phenotype at isolation to a type I phenotype when cells are cultured in 10% fetal bovine serum for 5 days (Fig. 3) NFB Results. After two days in culture, co-localization of p65, indicating the presence of NF-B, and propidium iodide, indicating the presence of DNA, was observed in unstretched cells from 2CLP animals. The same pattern was found in cultures of both 2CLP and sham cells subjected to 1 hr of cyclic stretch at 37%⌬SA (Fig. 4) . These findings are consistent with an increase in the amount of NF-B that had translocated to the nucleus.
Electron Microscopy. Electron micrographs (ϫ2500 -150,000) were obtained from stretched (37% SA, 15/sec, 1 hr) or unstretched sham and 2CLP monolayers (Fig. 5 ). Micrographs were evaluated in a blinded manner for apoptosis and necrosis. Apoptotic cells were characterized as having an intact plasma membrane, intact mitochondria, chromatin condensation in the nucleus, cellular shrinkage resulting in dense looking cytoplasm, and often nuclear fragmentation. Necrotic cells demonstrated vacuole formation, disrupted organelles, and often a disrupted plasma membrane resulting in less dense cytoplasm. Unstretched cells from sham lungs (Fig. 5, upper left) showed higher density of lamellar bodies and very few apoptotic or necrotic cells compared with unstretched cells from 2-CLP lungs (Fig.  5, upper right) . In contrast, approximately 30% of unstretched cells from the 2CLP lungs showed signs of necrosis or early apoptosis. After stretch, cell density decreased in both sham and 2CLP groups. In the sham cells, Ͼ75% of the remaining adherent cells were dead or dying, evenly distributed between apoptotic and necrotic pathways. After stretch, Ͼ50% of the 2-CLP cells were apoptotic or had deep nuclear grooves and clefts, but relatively few cells were necrotic compared with the sham stretched cells.
DISCUSSION
In this study we isolated type II pulmonary epithelial cells from septic and sham operated rats. These isolated cells were cultured and subjected to varying degrees of stretch. The results demonstrate that cells isolated from animals subjected to 2CLP are more vulnerable to stretch-induced injury than those isolated from sham counterparts. This vulnerability was most evident at levels of stretch corresponding to 90% and 100% of total lung capacity. These data are particularly important in view of recent studies examining the effects of a "low stretch" protocol on outcome from ARDS. In one large, multiple-center, randomized prospective trial, limiting tidal volumes or distending pressure decreased ARDS-associated mortality from 40% to 31% (15) . Our study may shed some light on one mechanism underlying this improvement.
The ability of increased ventilatory volumes or high distending pressures to damage pulmonary epithelial cells is well documented in both animals and humans. Either baro-or volutrauma can lead to interstitial edema, impaired gas exchange, accumulation of protein-rich fluid in alveoli, and the formation of emphysematous cysts (7) (8) (9) (10) (11) (12) 23) . The data presented here demonstrate that stretch may be particularly problematic when there is preexisting lung injury, such as in occurs in sepsis (28) . Loss of epithelial cell populations may produce transudation of fluid from the interstitial space into the airways and surfactant dysfunction, with potential to contribute to the pathogenesis of ARDS (3) .
The model used here, fecal peritonitis induced by 2CLP, is a time-tested, wellvalidated, and reproducible model of systemic inflammation and sepsis. Previously, we have shown that 2CLP provokes ARDS-like changes in the lungs (28) . The manner in which lung injury occurs in the absence of mechanical ventilation has not been fully elucidated. However, Nakamura et al. (33) subjected septic rats to mechanical ventilation with overdistension combined with alveolar collapse. In response, surfactant was lost and secretion of tumor necrosis factor-␣ and interleukin-6 increased (33, 34) . Our study examines the effects of secondary stretch injury in a more quantitative manner.
Deutschman and colleagues (35) have shown previously, using electrophoretic mobility shift analysis as well as immunohistochemistry, that 2CLP increases activation of the inflammatory mediator NF-B both in liver and in lung (36) . Conversely, NF-B was not activated in sham operated animals. The findings presented here (Fig. 4) confirm this. However, it is important to note that cyclic stretch with 37% ⌬SA induced NF-B activation. This confirms studies showing that mechanical ventilation alone induces inflammatory lung injury. Since both sepsis and cyclic stretch activate NF-B, the combination may be additive or synergistic.
Several limitations of this study merit discussion. Concerns regarding the ex vivo nature of our studies are allayed by the fact that cells from septic animals behave differently than those from sham animals and seem to retain a "memory" of their origin in a septic environment. Furthermore, primary alveolar epithelial cell cultures exhibit similar cell injury patterns to intact rat lungs in response to mechanical deformation (12) . Also, because we could only harvest cells from those animals that survived to 24 or 48 hrs post-2CLP, we have introduced a selection bias that may explain why postsurgical time had no influence on cell mortality. The cell-harvesting procedure isolates only viable cells that bind to fibronectin-coated membranes and grow in culture, creating a selection bias. Despite this, the monoculture preparation is the best way to evaluate alveolar cell characteristics directly (37) . In addition, we chose to examine viability after 1 hr of cyclic stretch. This approach revealed significant differences between septic and sham cells only at higher levels of mechanical deformation. Longer periods of stretch have demonstrated significant changes in cytokine expression (38, 39) . However, previous studies in healthy cells revealed that epithelial cell death occurs within 5-10 mins of the application of stretch. No further increase occurred between 1 and 6 hrs (40). Finally, cultured alveolar type II cells are known to gradually differentiate and begin to acquire type I features (Fig. 3) (24, 30, 41) . Our studies indicate that this occurs in cells from both septic and sham operated animals. Despite these limitations, the results of the in vitro findings provide one explanation of clinical observations.
CONCLUSION
Alveolar epithelial cells isolated from septic rats are more vulnerable to me- chanical deformation injury than alveolar epithelial cells from nonseptic animals.
